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Organic ultrathin transistors with a 3-mm-length channel were fabricated using dimethyl-
quinquethiophene molecules. The local structures of the films and electric potential profiles across
the channels were investigated by Kelvin probe force microscopy with the gate electrode grounded.
We found that the local carrier mobility was much higher for the second-layer regions than for the
monolayer regions from potential profiles measured while the gate electrode was electrically
grounded. However, the macroscopic carrier mobility increased only slightly by increasing the
number of molecular layers. One of the possible reasons for this contradiction was the large contact
resistance at the source/channel interface, which was apparently observed in the potential
profiles. © 2005 American Institute of Physics. fDOI: 10.1063/1.1937474g
INTRODUCTION
In the last ten years, organic thin-film transistors
sOTFTsd have been intensively studied because of their at-
tractive features such as low-cost and low-temperature pro-
cessing, printability, and flexibility.1 However, the measured
field-effect mobility in organic thin films has been relatively
low compared to that of inorganic devices, which limits the
number of practical applications.2 In contrast with OTFTs,
the field-effect mobility in organic single crystals can have
excellent values as high as 15 cm2/V s,3 which is much
higher than that of hydrogenated amorphous silicon devices.
Therefore, such low field-effect mobility values in OTFTs
might result from extrinsic influences such as grain bound-
aries or imperfect interfaces with metal electrodes. Several
researchers have demonstrated an improved field-effect mo-
bility by reducing the number of grain boundaries between
the source and drain electrodes.4–6 Furthermore, it has been
reported that accumulated carriers induced by the gate volt-
age are localized within a few monolayers on the a gate
insulator in the OTFTs.7,8 Therefore, it is becoming more and
more important to understand the transport mechanisms by
taking into account the structures of the organic thin films
and local electrical properties at the interfaces with metal
electrodes in order to improve the field-effect mobility in the
OTFTs.
Kelvin probe force microscopy9 sKFMd is an ideal tool
to simultaneously investigate the local structures and electric
potential distributions of electronic devices for the above-
mentioned purposes. Several research groups including our
group have successfully applied this technique to measure
the local electric potential profiles across the source and
drain electrodes on the OTFTs.10–12 We recently demon-
strated the operation of a monolayer-channel OTFT and mea-
sured the potential profiles across the channel.11 In this re-
port, we studied the structural evolution of the
dimethylquinquethiophene sM5Td ultrathin films and the po-
tential profiles across the channel by KFM and compared
them with the macroscopic transistor characteristics in order
to discuss the thickness dependence of carrier transport and
the effect of the contact resistance.
EXPERIMENT
We fabricated a bottom-contact OTFT with M5T
molecules13 whose chemical structure is shown in Fig. 1. A
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highly doped silicon wafer with a thermally grown
300-nm-thick silicon oxide layer was used as the substrate.
Two 20-nm-thick gold electrodes separated with a gap of
3 mm were fabricated on the substrate using the lift-off tech-
nique. A chromium layer was deposited prior to the gold
deposition as an adhesion promoter. The substrate with elec-
trodes was cleaned using a UV-ozone cleaner at room tem-
perature. M5T molecules were then uniformly deposited onto
the substrate by vacuum evaporation. The vacuum pressure
and the substrate temperature during the deposition were
2.0310−4 Pa and 80 °C. The deposition rate was monitored
using a quartz-crystal microbalance and it was typically
0.1 nm/min. We estimated the nominal thickness of the
channel region from topographic images obtained by atomic
force microscopy sAFMd. The deposited M5T films showed
a layer-by-layer growth with their molecular axes perpen-
dicular to the substrate surface when prepared under this
condition.14 The thickness of each molecular layer was about
2.2 nm, thus the nominal thickness of 2.2 nm corresponded
to a complete monolayer.
Topographic imaging and surface-potential mapping by
KFM were performed using a scanning probe microscope
sJEOL: JSPM-4200d in a vacuum environment s1
310−3 Pad to avoid shielding of the surface potential by the
surface water layer.15 A Pt-coated Si cantilever sOlympus:
AC240TM-B2d was used. While the cantilever was electri-
cally grounded, an ac modulation voltage and a dc feedback
voltage from KFM electronics were applied to one of the two
electrodes ssourced. Another gold electrode and silicon sub-
strate were defined as the drain and gate, respectively. The
details of the setup were described in a previous paper.11 We
could perform KFM measurements on the OTFT while we
applied a drain voltage as high as 5 V since a large drain
voltage caused an unstable tip-sample distance regulation. A
semiconductor characterization system sKeithley: SCS-4200d
was used to measure the TFT characteristics under a vacuum
environment s6310−3 Pad.
RESULTS AND DISCUSSION
M5T films between electrodes showed a layer-by-layer
growth as the amount of the deposited molecules increased.11
The M5T grains started to grow from the electrode edges
during the initial stage of the deposition and then expanded
toward the center of the gap. A further increase in the depos-
ited molecules resulted in a full coverage over the gap scom-
plete monolayerd which led to the second layer. The growth
of the second layer usually started at the electrode edges, but
once in a while, it began in the middle of the gap and re-
sulted in island structures. Figures 2sad and 2sbd show a to-
pographic image and a surface-potential image of the film as
thick as 1.5 monolayers sMLsd. These images were obtained
while the drain electrode sVdd and the gate electrode sVgd
were maintained at −1 and 0 V, respectively. In Fig. 2sad, we
can see that the gap was fully covered with the first layer on
which the second layer formed island structures. Figure 2scd
shows the surface-potential profiles obtained along the A-B
line indicated in Figs. 2sad and 2sbd. In Fig. 2scd, the surface
potential gradually dropped in the first layer while it was
almost constant on the second layer independently of Vd. If
the second layer was electrically insulated from the first
layer, the potential profile should discontinuously change at
the edges of the second-layer island. However, the potential
profiles in Fig. 2scd were continuous at the edges, thus we
postulate that the second layers serve as a carrier path in the
channel. Since the slope of the potential profile is propor-
tional to its electrical resistance, it is clear that the conduc-
tivity of the two-monolayer region is significantly improved.
In general, the sheet conductivity ssd is expressed as
s = Nem , s1d
where N, e, and m are the carrier density per unit area, the
elementary charge, and the carrier mobility, respectively.
Since these measurements were performed at Vg=0 V, we
assume that the field-induced carrier densities for the mono-
layer region and the second-layer-island regions were almost
the same. The abrupt increase in the conductivity could then
be attributed to an increase in the local mobility. Further-
more, we performed the same measurements for the M5T
layers with different coverages, as shown in Fig. 3. The
nominal thicknesses of these M5T films were 2.8 MLs and
more than three MLs. Figures 3scd and 3sfd show the mea-
sured potential profiles across the channel. We can see that
the slope of the profile on the channel was almost flat, which
strongly suggests a further improvement in the local mobil-
ity. This is in very good agreement with the recent report by
Dinelli et al. in which they concluded that the second layer
was crucial for charge transport in the OTFTs.8 On the other
hand, a large potential drop was observed at the interface
with the source electrode as shown in Figs. 3scd and 3sfd,
FIG. 1. Chemical structure of M5T molecule.
FIG. 2. Topographic image sad and KFM image sbd of M5T channel with the
second-layer islands. The applied drain voltage sVdd was −1 V. scd Potential
profiles along the A-B line indicated in sad were measured at Vd voltages of
−1, −2, and −3.0 V.
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which indicates a large contact resistance at the interface
between the channel and the source electrode. We measured
the potential profiles for the channel with a thickness greater
than three MLs with various gate voltages while the drain
voltage was maintained at −2 V. The result is shown in Fig.
4. These potential profiles seem to be almost the same, which
suggests that the contact resistance was extremely greater
than the channel resistance. Figure 5sad shows the drain cur-
rent sIdd–drain voltage sVdd curves measured with various
gate voltages sVgd for M5T multilayers as thick as three
MLs. In Fig. 5sad, the electrical resistance is clearly modu-
lated with the gate voltage in the same range as Fig. 4 sbe-
tween 0 and −30 Vd. The gate effect is not clear when Vd
was less than 2 V, in which the potential profiles were taken
by the KFM. However, we believe that the contact resistance
was strongly modulated by the gate voltage in this OTFT
although it is still large. In fact, the calculated contact resis-
tance value sRsd based on Jain’s model, where Rs is treated as
a constant, was not self-consistent.16 In this model, the resis-







where Z and L are the channel width and length, respectively,
Ci is the gate capacitance per unit area, gd is the channel
conductance, m is the carrier mobility, and V0 is the threshold
voltage. In our case, L is 55 mm, Z is 3 mm, and Ci is
112 mF. m and V0 are obtained by plotting the following








= ˛msVg − V0d , s3d
where gm is transconductance. The values of gd and gm are
obtained from the transistor characteristics shown in Fig.
5sad. Figure 5sbd shows the A-Vg plots. The slope and the
intercept with the Vg axis represent ˛m and V0, respectively.
In Fig. 5sbd, the plot is almost linear, so we regarded the
carrier mobility as a constant in the calculation for Rs. The
calculated values are shown in Table I. The Rs value varies
from 50 to 320 MV. Moreover, the contact resistance at Vg
=−30 V was lower than one-third of the channel resistance,
which contradicts the potential profiles shown in Fig. 4.
Therefore, it is clear that the contact resistance was modu-
lated by the gate voltage. The negative gate voltage lowered
the contact resistance, then the total conductance increased.
Since the reduced contact resistance was still much higher
than the channel resistance and the gate effect was not
prominent at the low Vd, the potential profiles in Fig. 4 were
almost the same. The origin of this gate modulation is un-
FIG. 3. Topographic image sad and sdd, KFM image sbd and sed, and poten-
tial profile scd and sfd of M5T channels whose nominal thicknesses were 2.8
MLs and more than three MLs, respectively.
FIG. 4. Potential profiles of M5T multilayer channel measured with various
gate voltages sVgd while Vd was fixed at −2 V.
FIG. 5. sad Transistor characteristics of M5T TFT whose nominal thickness
was three MLs. sbd Plot of variable A for various Vg voltages obtained from
sad.
TABLE I. The total resistances and the calculated Rs values at various gate
voltages.
Gate voltage sVd −20 −30 −40 −50
Channel resistance sMVd 1000 500 330 220
Contact resistance sMVd 320 160 100 50
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clear, but the energy barrier formed at the channel/source
electrode interface17 or grain boundaries near the interface18
might be lowered by the gate voltage.
Finally, we estimated the macroscopic carrier mobility in
order to discuss the effect of the film thickness on the tran-
sistor character. The macroscopic carrier mobility was 7.5
310−4 cm2/V s from Fig. 5sbd. On the other hand, it was
1.2310−4 cm2/V s for the M5T single-layer transistor.11 It is
also reported that the macroscopic carrier mobility of a
500-nm-thick channel was 5.0310−4 cm2/V s.19 The macro-
scopic carrier mobility was improved by increasing the chan-
nel thickness from a single layer while the increase in the
film thickness of more than two monolayers produced no
improvement in the macroscopic carrier mobility. These re-
sults are in agreement with the previous reports that the
field-induced carriers are confined within the first two
layers.8,20,21 Such a limited carrier distribution was also con-
firmed by the surface-potential profile shown in Fig. 3sfd. In
Fig. 3sfd, the growth of the third layer or upper layers caused
no change, which indicates that there is almost no field-
induced carrier above the third layer. Moreover, this also
agrees with our previous KFM measurements of the M5T
films on metals.22,23 These experiments showed that the dif-
ferences in the surface potential between the adjacent layers
became smaller by increasing the number of layers, and thus,
the surface potential on the M5T films was saturated on the
second layer. However, the increase in the macroscopic car-
rier mobility is much lower than expected from the KFM
results. It is thought that the large contact resistance almost
spoiled the effect of the improved local mobility. Fabrication
of the channel layers with fewer grain boundaries and a
lower contact resistance and stable KFM measurements in-
dependent of drain and gate voltages are desired for further
studies.
CONCLUSION
In this study, we found that the conductivity of the M5T
channel abruptly increased by the growth of the second layer
based on KFM measurements. The probable reason for the
abrupt increase in the conductivity was the increase in the
local mobility. In contrast, the macroscopic carrier mobility
for the M5T transistor with the nominal thickness of about
three MLs was only about six times greater than that in the
monolayer-channel transistor measured in a previous experi-
ment. This contradiction was probably due to the large con-
tact resistance which was observed in the potential profiles
obtained from the KFM measurements.
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